aRussian Basic Research Foundation, I I734 Leninskii pr. 32a, Moscow, RUSSIA bInstitute of Chemical Physics RAS, I42432 Chernogolovka, Moscow reg., RUSSIA Discussed is the current state of investigation of thermodynamic properties of matter at extremely high pressure and temperature with the use of dynamic methods. The generalization of available experimental and theoretical information is given in a form of the multi-phase wide-range equation of state. Topical problem of the physics of high pressures, high temperatures are discussed on the example of description of the phase diagrams for selected metals.
INTRODUCTION
Physics of high pressures, high temperatures always takes an especial place among amazing in their width scientific interests of academician N. N. Semenov. He revealed the possibilities of powerlid shock waves generated by explosion for obtaining an exotic high energy concentrations under laboratory conditions immediately and in a complete volume. N. N. Semenov conserved an instant and non-formal interest to the physics and chemistry of extreme states as well as numerous applications of the absorbing science in energetics, space, technology to his last years. He, F. I. Dubovitskii and A. N. Dremin are persons which we should acknowledge for the fact that our Institute is now a well-known center in the field of powefil shock waves and physics of extreme states of plasma.
We'll dwell in the review on one of central branches of modern science of extreme states, namely thermodynamics of hot compressed matter. The problem was discussed many times by one of the authors with Nikolai Nikolaevitch to his last years.
Given in the review are experimental and theoretical results of investigation of the phase diagrams of the metals at high pressures, high temperatures obtained, namely, by scientists from Institute of Chemical Physics in Chernogolovka Russian Academy of Sciences.
POSSIBILITIES OF MODERN EXPERIMENTAL METHODS
The current state of the problem of a theoretical description of thermodynamic properties of matter at hgh pressures, high temperatures is given in a set of publications (see (refs. 1-6 ) and references therein). In spite of a significant progress achieved on construction of equation of state (EOS) in solid, liquid and plasma state with the use of the most sophticated "first-principle" theoretical approaches (classic and quantum methods of self-consisted field, diagram technique, computer's Monte-Carlo and molecular dynamics methods) the disadvantage of these theories is their regional character (refs. 2-6). The range of an applicability of each theor$ is local and, rigorously speaking, no one of them allows to provide for a correct theoretical calculation of thermodynamic properties of matter on the whole phase plane from the cold crystal to liquid and hot plasmas (refs. 2,3,5). The principal problem here is the necessity to take into account correctly the strong collective interparticle interaction in disordered media, which meets especial difficulties in the region occupied by dense disordered non-ideal plasmas (refs. 2-6).
In this case experimental data at high pressures, high temperatures are of peculiar significance, because they serve as reference points for theories and semiempirical models. Data obtained with the use of dynamic methods (see (refs. 1,3,4,7-10 ) and references therein) are of the importance from the practical point df view. Shock-wave methods allow to study a broad range of the phase diagram from compressed hot condensed phase to dense strongly coupled plasma and quasigas states. The detailed recital of shock-wave methods of investigation at high dynamic pressures is given in monographs (1,3,4,7) and reviews (8-10). Available experimental data on the shock compression of solid and porous metals as well as isentropic expansion embrace to nine orders with respect to pressure and four to density. Figure 1 shows on the pressure scale a modem progress achieved in measurements of an absolute shock compressibility with the use of traditional explosive technique and investigations of impedance one under conditions of experiments with concentrated energy fluxes (lasers, beams) and underground nuclear explosions. The extension of studied range of the phase diagram to greater relative volumes, in comparison with the principal Hugoniot, is achieving in the investigation of the shock compressibility of porous samples (ref. 1). Nevertheless, difficulties of a work with ultradispersive targets and singularities of the heat transfer in multiphase non-equilibrium media restrict the possibility of an advance on the density scale. The method of isentropic expansion of shocked matter allows, depending on the magnitude of the shock pressure, and, respectively, the entropy provided, to pass in one experiment states from a hot metallic liquid and strongly coupled plasma to two-phase region liquid-gas and Boltzman's weakly ionized plasma and an ideal gas (refs. 1,3,4). (Fig. 2) , five orders of magnitude with respect to pressure and two orders of magnitude with respect to density. It extends from a highly compressed metallic liquid characterized by a disordered arrangement of ions and degenerate electrons to a quasi-non-ideal Boltzmann plasma and a rarefied metallic vapor. Upon expansion of the system the degree of degeneracy of the electronic subsystem is decreased and a marked rearrangement of the energy spectrum of atoms and ions occurs, and a partial recombination of the dense plasma takes place. In the disordered electron system a "metal-insulator" transition takes place and a non-ideal (with respect to different forms of interparticle interactions) plasma is formed in the vicinity of the liquid-vapor equilibrium curve and the critical point.
Where the isentropes enter the two-phase liquid-vapor region evaporation occurs; on the gas-side condensation occurs (refs. 3,4,8).
Note, that typical shock-wave measurements allow to determine only caloric properties of matter, viz. the dependence of the relative internal energy on pressure and volume as E=E(p,V). The potential E(p,V) is not complete in the thermodynamic sense and a knowledge of temperature T or entropy S is required for completing thermodynamic equations and calculating first and second derivatives, such as the heat capacity, the sound velocity and others (ref.
3). significance. In this method metal is rapidly heated by a powefil pulsed current and.then it expands into an atmosphere of the inertial gas maintaining at constant pressure. These data embrace the density to critical one and intersect, therefore, the release isentrope data for metals (see Figure 2) .
The final conclusion is that the available at high pressures, high temperatures information though covers a broad range of the phase diagram, but it has a heterogeneous character and, as a rule, is not complete from 
MULTI-PHASE WIDE-RANGE EOS MODEL
A thermodynamically complete temperature EOS for metal is defined by the thermodynamic potential of free energy, F, written as, describing the elastic contribution at T=O K (FJ, and the heat contribution by atoms (Fd and electrons (Fe),
respectively.
Cold curve
The elastic energy for the solid phase is given in form
correct tabular values (with heat component) of bulk compression modulus and its pressure derivative at ambient conditions, as well as the accordance with first-principle theories to 100-fold compression (ref 2).
The cold energy for the liquid phase in compression region (0, 2 1 ) is given by Eq. (2), while in the rarefaction regon (6, < 1 ) it is represented by a polynomial of the form
which leads to the tabular values of the cohesion energy Esub and satisfies the condition p,(Vo,) = 0 . The equality of the cold-energy derivatives pc = -dE,/dV, B, = -dp,/VdV, B,, = dB,/dp at o, = 1 remains in (3) two free parameters, n and 1. They are determined by the experimental temperature dependence of density and sound velocity for liquid metals.
Thermal contribution of the atoms in the solid state
The lattice contribution to the free energy of the solid phase is defined by the expression e t ) ( v )
where R is the gas constant. The characteristic temperature is given by empirical expression
where x=lna. Constants B, and D, are determined by the experimental dependence of Gruneisen gamma y = d lnO/dln o on compression o. This dependence is obtained on the base of shock-wave data. The value of yo, corresponds to tabular one of Gruneisen gamma at ambient conditions. Note that at high compression Eq. ( 5 ) provides for the correct ideal-gas asymptote
The value of 8; is given by condition S(V0) 50.
Thermal contribution of the atoms in the liauid state
The atomic contribution to the free energy of the liquid phase is represented as
the first term accounts for anharmonicity effects and the second provides for a proper behavior of melting curve.
In the liquid phase the phonon contribution has a form similar to Eq. (4) but with a volume and temperature-dependent heat capacity c, and a characteristic temperature 80)
The heat capacity in the liquid phase is given by the expression
describing a smooth variation from the value 3R close to the lattice heat capacity to that one of an ideal atomic gas, 3W2. Coefficients aa and T, define the characteristic density and temperature of this transition.
The vibrational spectrum defined by the variation of the characteristic temperature reflects the gradual change of the Gruneisen coefficient of the liquid phase from values y(l) 14 y(') corresponding to condensed states to the ideal-gas value of 2/3 in the limit of high temperatures and very low densities. Under these assumptions, the characteristic temperature is given by the approximating formula where characteristic temperature in liquid phase is given in form analogous to Eq. ( 5 ) ( 
9)
The parameters in Eq. (10) B1 and D1 are found from shock-wave experiments on solid and porous samples, the constant eb is determined by equation e,(O) = T, , .
The potential term F,(V,T) provides for a correct value of the entropy As=Asm0 and volume AV = AV,, changes on melting at ambient pressure and disappears in the gas phase. The contribution of F, should also decrease upon compression due to decreasing differences between the properties of the solid and liquid phases. These requirements are satisfied by the relation
where a , =a/amO is the relative density of the liquid phase on the melting curve. The constants A,, B,, C, are uniquely determined by the equilibrium conditions along the melting curve at T = T, .
Thermal contribution of electrons
The thermal electron's contribution has the same form for solid and liquid phases. It is given by following relationship 1 Fe(V,T)= -c,(V,T)Tx In It includes the generalized analog of the coefficient of electron heat capacity Be, the heat capacity of the electron gas c~, the analogs of the electronic Gruneisen coefficient ye, the coefficient of the electronic heat capacity j3,:
Approximating dependencies are selected such to satisfy primarily the asymptotic relations for the electron gas free energy, namely expressions for degenerate electron gas F,(V, T) = -C S -~ O POT2 / 2 at moderate (T<<TFe& temperatures and expressions for an ideal electron gas at T+oo range Fe(V,T) = 3RZln(0~'~T)/2. Here Z is the atomic number and R is the gas constant. The specific form of writing down separate expressions of the potential (12) depends upon the satisfaction of these requirements.
The Eqs.
(1 2)-( 17) are Written in a form which represents correctly the primary ionization effects in the plasma region and the behavior of the partially ionized metal. The expression (16) for z i describes a decrease of the ionization potential as the plasma density increases, and the constants 6, and T, define, respectively, the characteristic density of the 'metal-insulator' transition and the temperature dependence of the transition from a singly ionized gas to a plasma with the ion-charge mean value Z.
PROCEDURE OF CONSTRUCTING EOS
The set of equations (1>(17) fully assigns the thermodynamic potential for metals over entire phase diagram region of practical interest. Some coefficients in EOS, included in the analytical expressions, are constants characteristic for each metal (atomic weight and charge, density at normal conditions and other) and are found from tabular data, while the rest serve as fitting parameters and their values are found from the optimum description for the available experimental and theoretical data and providing for correct asymptotes to calculations on the base of Debay-Hukkel and Thomas-Fermi theories (ref 15). It should be emphasized that, even though the number of coefficients in Eqs. (1>(17) is large, most of them are rigidly defined constants whose values are assigned explicitly or implicitly from the hlfillment of various thermodynamic conditions at specific points on the phase diagram. A few coefficients (about ten) serve to characterize the densities and temperatures on transition from one typical phase-plane region to another and are found empirically.
In determining the numerical values of coefficients in the EOS, use was made of the numerous experimental and theoretical data characterizing the thermodynamic properties of metals under study for a wide range of parameters. This procedure was carried out with the aid of a specially developed computer program using the Eqs.
(1)-(17) for thermodynamic calculations. At the preliminary stage of calculations, some thermodynamic constants known for each substance (such as normal density; changes in density and entropy at the melting point under normal pressure; cohesion energy; and the like) were used by the program automatically find a number of other uniquely defined coefficients (parameters of the cold curve, melting curve, and so on). This firther enables one, by way of calculating algebraic or integral relations valid for self-similar hydrodynamic flows to perform calculations of kinematic characteristics measured experimentally at high and ultrahigh pressures, namely, the incident and reflected wave velocities and velocities in adiabatic expansion waves (release isentropes), as well as to allow for melting and evaporation effects in the results obtained. The range of action of each fitting coefficient that remains free is very localized, as a result of which its value may be selected independently from a comparison of the calculations with available experimental data.
To construct EOS, used was following information at high pressures, high temperatures: measurements of isothermal compressibility in diamond anvil cells, data on sound velocity and density in liquid metals at atmospheric pressure, IEX measurements, registration of shock compressibility for solid and porous samples in incident and reflected shock waves, impedance measurements of a shock compressibility under condition of an underground nuclear explosion, data on isentropic expansion of shocked metals, calculations by Debay-Hukkel and Thomas-Fermi models, evaluations of the critical point.
THERMODYNAMIC PROPERTIES OF NICKEL AND LEAD
Engineering calculations and involving of the real thermodynamic information into gasdynamic codes for numerical modeling of physical processes, occurring under conditions of extremely high pressures and temperatures, are final goals of construction EOS. The accuracy and reliability of such calculations depend on, namely, EOS used. This is the reason why on developing EOS for nickel and lead a special attention was paid on the accuracy and reliability of description of not only caloric, but also temperature data as well as numerous static measurements at high pressure. Analogous to shock-wave data, there is a good correspondence for nickel between all avadable experimental data and theoretical predictions in the region of lower densities and moderate temperatures, as it is demonstrated on Figure 5 . The Nickel is one of the most investigated metals. Both theoretical and experimental high-pressure data for nickel are in an excellent agreement in a broad range of density and pressure.
-Lead
The detailed comparison between calculated and experimental shock Hugoniots, release isentropes, results of static measurements for lead is given in monograph (ref. 
CONCLUSION
Results of analysis of the phase diagrams done for numerous simple and refractory metals show that the multi-phase wide-range EOS describes in consistent manner the whole complex of nonuniform theoretical and experimental information at high pressures, high temperatures. It is proved, that caloric measurements of shock Hugoniots and release isentropes agree with thermodynamically complete data. So, the information obtained in shock-wave experiment, which is gas dynamic in its origin, and results of temperature registrations are self consistent.
We see, that the recent progress achieved in the experimental study of extreme states by use of shock-wave methods made it possible not only generate exotic states of a hot compressed matter, but also realize the physically noncontradictory description of their thermodynamic properties in the whole region of the phase diagram, which is interesting for modern applications.
